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Neutrinos in the Universe
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Early Days of Neutrinos
1914, Chadwick 1930, Pauli
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Neutrino Physics is (almost) Impossible

__532 NATURE APRIL 7, 1934
Bethe | . - Peierls
“ The “Neutrino”
. . . V+p—oe +n
_ (Inverse beta decay)

For an energy of 2-3 < 10%® volts, ¢ is 3 minutes and
therefore ¢ < 10-%¢ cm.? (corregqg}nding to a ?x_xe-
trating power of 10'® km. 1n solhid matter). It 1s

of the neutrino in nuclear transformations—one can
conclude that there is no practicall ssible wa

of observing the neutrino.

H. BETHE.
R. PEIERLS,



Pioneering Experiments

Ray Davis

experimental talent
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Solar

From Anomalies to Precision Oscillation Physics Q=
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solar neutrino problem oscillation searches m
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25 Years Ago - Discovery of Atmospheric Neutrino Oscillations

V??, @Takayam
June 1998
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Neutrino Mixing

evidence for neutrino oscillations in many sources
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Neutrino Mixing - 3 Flavor Paradigm

Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ay”° = 7.0)

bip £le 3o range bip 1o 3o range
sin” f12 0.3047 5015 0.269 — 0.343 0:304 0 o023 0.269 — 0.343
012/ S AR 2 31.27 — 35.87 33.451 5 31.27 — 35.87 IS B3 .
non-negligibly
sin” fa3 0.4501 2 0ia 0.408 — 0.603 DS 5o 0.410 — 0.613 greater
B3 /° 42,111 39.7 — 50.9 19.0+9-9 39.8 — 51.6 > or smaller
2 \ +0. (62 YN \ & ~ £ —0.00074 ~ £ - than 45 deg?
sin” f13 0.0224670000°%  0.02060 — 0.02435 | 0.0224170 00055 0.02055 — 0.02457
f13/° B2 35 8.25 — 8.98 8.61701% 8.24 — 9.02
S| 23036 144 — 350 278+22 194 — 345 poor
| knowledge
m‘\f““\,, g 6.82 — 8.04 g4 S 6.82 — 8.04 5
— ) o J - - - . o .
- sign of Am
3t +2.510H2027 19430 — +2.593

10-3 eV*

Am3, = Am3, > 0 for NO and Am3, = Am3, < 0 for 10.

(ordering
of masses)

—2.490T505  —2.574 - —2.410 :: unknown

K. Scholberg



Precision Oscillation Physics
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Open Questions

”132 LEPTONS QUARKS
: o I
A solar~5x10eV?2 i o
atmospheric b D
~3x103eV? | Lk
atmospheric @
my* L 3x1073¢V?
. m2 solar~5x10eV2 v
Where do neutrino masses come 1T S ssssssm—— SESSSE—
from? : :
0 v Y

What is the origin of leptonic
mixing?

Are neutrinos their own
antiparticles?

Major discoveries ahead

11



What is the nature of neutrino mass?

12



Understanding Neutrino Mass from Double Beta Decay

Nuclel as a laboratory to study lepton number violation at low energies

PAYTS

(A,Z) — (A,Z+2) + 2¢ + 2V,

Proposed in 1935 by Maria Goeppert-Mayer
Observed in several nuclei
T1/2 ~ 1019— 1021 yrS

l—‘2\/ = G2v |M2v |2

Ovpp

(A,Z) — (A,Z+2) + 2¢

Proposed in 1937 by Ettore Majorana
Not observed yet
Tyo =102y

L, =G, |IM, I <mﬁ/3 >2
Ovpp would imply

- lepton number non-conservation
- Majorana nature of neutrinos

13



Neutrinoless Double Beta Decay (0Ov33)

........... v
Sensitivity
0.90 1.00 1.10
2V B B Keg Mass
VBR Efficiency T Runtime
l G g N Mt
Neutrinoless N le ™. V ae&E
double beta decay 0.0 | ?t L0 SCIG € 1 /I\ / B AE
00 02 04 06 08 1.0 j \
K./Q
Annual Reviews: 52:115-151 lsotobic
abundaltance Background  Energy
Search for peak search at the Q value of the decay resolution

Energy peak is necessary and sufficient signature to claim a discovery.
Additional signatures from signal topology etc

Karsten Heeger, Yale University



Isotope Choice

Desired Characteristics
High isotopic abundance
Enrichment possible
QBB above end point of B ory
radiation
Large scale production possible

Karsten Heeger, Yale University
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Isotope Choice

mgg 99.73% discovery sensitivity [meV]
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From: Fundamental Symmetries, Neutrons, and Neutrinos (FSNN):

Whitepaper for the 2023 Nuclear Science Advisory Committee Long Range
Plan: arXiv:2304.034511v:2304.03451
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Cuoricino + CUORE-0
+ CUORE limit (Te), PRL 2018

CUORE sensitivity (Te)

Inverted hierarchy

Normal hierarchy

e~

Other isotopes

pushing limits towards
inverted hierarchy
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LEGEND g
E
> 107
1000 kg of enriched Ge detectors (enriched to 92% 76Ge) 2
. 2.6 kg average mass g w0
e« Mounted in “strings” using components &
made from electroformed copper and « Underground-sourced LAr active shield 10
scintillating plastic PEN o Dual fiber-curtain LAr instrumentation
. « EFCu Reentrant tubes 107
e ASIC readout front-end electronics
Installation | &
Gloveboxes |
Ce Lc;ck
Strings |
ks \4 ‘ Reentrant
| Tubes
UGLAr
Ge Detector
Water
Shield

LAr Cryostat

7/

WLS Fiber
Curtain

exposure [moliso yr]
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EXO

EXO-200 at WIPP (Decommissioned in Dec. 2018): nEXO:
e EXO-200 first 100-kg class BB experiment e« 5-tonne liquid Xe TPC
e 175 kg liquid-Xe TPC with ~80% Xe-136 « Enriched in Xe-136 at ~“90%
» Discovered 2vpf in Xe-136 « SNOLAB cryopit preferred location by collaboration
« Demonstrated excellent background identification |
through multiplicity and location of event in TPC o T o ::c;:t'

- thi Is essential for nEXO design .

",
o
-
O
-
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Q
2
(7

Cathode

<+ Cryogenic
vacuum Space

o 3 o -
pe ’ . - : ~
p ]
y ¥ R .‘
V ! D e ” ,:4 s !

https://ww-project.slac.sta nford.edu/exo/
https://nexo.lInl.gov/



CUPID: CUORE Upgrade with Particle Identification

Single module: Li,19%Mo0O4, 45x45x45 mm, 280 g Tower BB
Detector: 57 towers of 14 floors with 2 crystals 5 e
each, 1596 crystals o L
~240 kg of 190Mo with >95% enrichment B a0k el
~1.6%1027 100Mo atoms
4 K
Ge light detector as in CUPID-Mo, CUPID-0 -
CUPID 100\o o fgmi
heat + light Detector Module Top Lead
(scintillating bolometer) SHeld
Side Lead
Shield
/ nght Detector Thermal | | o Detector
Sensor > | | > J/ | Towers
. Light ' e
éz L @ Thermal gﬁg’g‘ Lead
= W Sensor
é) —2% PTFE pieces

Energy

Absorber Release J

Karsten Heeger, Yale University 20

— Copper structure
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KamLAND-Zen

KamLAND-Zen 400

-~

KamLAI_\I D-Zen 800

. "\\\
~

. )Y J
_Jl‘. = o

Now, 745kg dep

oyed
> 2.3 x 10%6 yr

PRL130, 051801 (2023)

Further improvements going on;
better neutron tagging

PRL117, 082503 (2016)

machine learning (ML) for long-lived tagging

ML for beta/gamma discrimination
muon-bundle tracking, and so on

It will not be a good choice for
the single purpose, but this is
multi-purpose detector.

> 2 x 108 yr

(guesstimated sensitivity)

w/ more than 20 ton xenon
imaging sensor
high-p xenon

KamLA_I}IpZ-Zen

/,/ %‘L = J .
- \
12 e 8 o oo o
H
f‘% f‘|' ey X D
) MR b
S Mirror x5
HQE-PMT p.e.
new LS

full volume effective
w/ scintillation film

1 ton planned (scalable)

- ) X ]_027 yI (target sensitivity)
<12 ~ 53 meV

30 discovery potential is not studied, but ~1x10%7 yr

(corresponding mass limit)

Further technologies being developed

imaging sensor (1/10 reduction of long-lived BG)
high-p xenon deployment (2 times more xenon)

For more xenon (possible source)

Extraction from nuclear spent fuel is considered.
More than 100 ton seems to be possible at 44%
concentration of Xe-136 without centrifugal

enrichment. 36 months atmospheric
28Xe/PXe 2.81-107 7.13-107
(- s 1 4.7-10°° 0.9832
B30%e/32 30 3.32:10 0.1518
b, - 0.3756 0.7876
S > 1.3433 0.3883
B/l o250 2.1176 44%  0.3298 8.9%

Event/0.05 MeV
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-
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L.|IIIIIII| I
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Results from Kam-Zen 800 (arXiv 2203.02139) March 2022

“(a) Singles Data Total —— 136Xe Ouf3ff (90% C.L. U.L.)
Total (Ovfp U.L.) —-— Carbon spallation + *"Xe

136Xe 2upp

Xenon spallation products I
Internal RI

==== [B/External RI

Solar neutrino ES+CC

-+ Data
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-
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1 2 3 4
Visible Energy (MeV)

T2 > 2.3 x 1026 yr (Combined Kam-Zen 400 and 800)
<Mgs>is < 36 — 156 meV



NEXT

Prototypes

2008-2015
. Demonstration of detector
concept

1 ...... | ...... } ..... | ...... | ...... I ..... i ...... I ...... } ..... { ...... I ...... } ..... 1 ...... | ...... } ..... { ...... I ...... }

2012 2013 2014 2015 2017 2018 2019 2020

NEXT-White

2016-2021
« Det. performance near Qgg
- Background measurement
« 2VBP measurement

L |

e
o .

ENERGY PLANE (PMTs)
JUUuduuuy

| CATHODE ..

TRACKING PLANE (SiPMs)

ANODE | «

NEXT-100 NEXT-HD

2022-2025 20267

- Background measurement « OvBpB search through
« OvBP search inverted v mass ordering

/
o v, S Y B
1|
- —

NEXT-BOLD

- Barium tagging for bgr-free
experiment

2021 2022 2023 2024 2025 2026 2027 2028 2029 2%?0

NEXT uses enriched 13¢Xe gas at high pressure
and provides tracks of individual electrons.

There is also a program of extracting Ba*
through fluorescence in organic molecules
aiming at NEXT-BOLD.

Single
(Ba?*) :
detected prs [ >
i TR
83
S m
U —
0 W
I c X
G &
g
o
.
kL
/’j~
;K%ZGOOO
4 < 14000
b 12000
I 8000
\\y\\ ':(',
maé”e < " 6000
P/ ~ -
INa S~ < _ 4000
( nm ) =~ 2000
0

NEXT aims to capture and image
Ba2+ions produced in double beta

decay of 136Xe.

23



PandaX - xT

Now operating PandaX-4T (natural xenon)

Step-wise upgrade in the same experimental Dual Phase Xenon TPC
hall based on possessed xenon towards 43-

ton (active), 47-ton (total) natural xenon

Gamma

B Main Lab Space: 6.5(W) x 6.5(H) x 42(L)
Top screen
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2km underground in SNOLAB, Canada
Infrastructure repurposed from SNO:
New calibration systems
Upgraded DAQ and electronics
New hold-down ropes
Scintillator Plant + Tellurium

synthesis and purification
~9300 PMTs

18m diameter PMT
Support Structure

12m diameter Acrylic Vessel
7kt ultra pure water shielding

-, 780t Liquid Scintillator to be
loaded with 0.5% °"T¢ initially

Increase to 3% planned for future

Counts/5 y/20 keV bin

50

40

30

20

10

0

B OvBpB (100 meV)
== 2vfp

B U Chain
B= Th Chain
== (o, n)

= External
— °B v ES
=— Cosmogenic

22 23 24 23 26 2.7 26 29 3B

Top (MeV)

SNO+

5 years at 0.5%

Te Loading:
1300 kg 139Te

Mgg < 30-130 meV

(99.7% CL)

Presently running with liquid
scintillator for other physics and
evaluating backgrounds. Te
projected for early 2025.
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THEIA - Hybrid Neutrino Detection

Combine Cherenkov + scintillation in a single, large detector
Directional information from Cherenkov topology + excellent resolution from high-yield scintillation
Can interrogate a uniquely broad program of physics, from sub-MeV to multi-GeV

Cutting-edge / e 1 Broad physics

developments in program:
target material and Fundamental nature
photon detection of matter and
multi-messenger
astrophysics

Novel (Wb)LS
Fast photon N THEIA-25

detectors o OvBpB, CPV, solar,

LAPPDs Large, multipurpose supernova, geo,
Spectral sorting detector nucleon decay
| e Baseline: 25ktonne
(17kt FV)

e |deal: 100 ktonne

(70kt FV) —// ‘ﬂ N

THEIA: An advanced optical neutrino detector
Eur. Phys. J. C 80, 416 (2020) \_E ki

26



Sensitivity of Future OvBf3 Searches

Experimental state-of-the-art

11
Mo s25¢ I I

|

Next-generation goal

I

136xe

. 4

CUORE final sensitivity

Inverted ordering

CUPID baseline project

,,//‘ i 1 0-2

- > "‘ ‘

variety of isotopes and techniques
important

:

‘b
'
-
b
3

Y

: . 4 *
Direct ordering 4

{103

10+ 103 102 101 1

Lightest neutrino mass [eV]

Designing for discovery experiments
A discovery in the next 10-15 years possible

Present Limit

Objective for nearer
term experiments

Objective for longer
term experiments

T e
-
Y

Very long term objective.
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What is the mass scale?

m% e —
solar~3x10eV?
atmospheric
~3x1073eV?2 |
atmospheric
my? | ~3x107%eV?
) solar~5x10-eV2
- : _ g
] ]
Y Y

_m3
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Paths to the Neutrino Mass Scale

Observable

Present upper limit

Potential: near-term
(long-term)

Model dependence

Cosmology

M =Eimi

~0.1-0.6 eV

60 meV
(15 meV)

Multi-parameter
cosmological model

Search for OvB

m, = |3, UZ mi|”

~0.1-0.4 eV
50 — 200 meV
(20 — 40 meV)

- Majorana nature of v,
lepton number violation

- BSM contributions
other than m(v)?

- Nuclear matrix elements

L
.. ..

B-decay
& electron capture

200 meV
(40 — 100 meV)

Direct, only kinematics;

no cancellations In
Incoherent sum

K. Valerius
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Direct Neutrino Mass Searches

; L’; MH -t
i
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- Mainz (2005, final result) Troitsk (2011, re-analysis)
i m(ve) < 2.3 eV (95% CL) m(ve) < 2.05 eV (95% CL)
- C. Kraus et al., EPJ C40:447 V. N. Aseev et al., PRD 84:112003
s
= g (1 3
E - tritium (SH) \}\A present limits (2 eV)
- [3 spectrosco
@ L B sp PY o v ruled out as DM
S - Ve
L A Best sens. m Vg
o1 L upcoming (KATRIN: 200 meV) degeneracy scale
- future approaches (40 meV) hierarchy scale -
0.01 | | | | | | | ! |

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050
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Tritium experiments define the mass limit
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KATRIN
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* Source decay rate > 10" Bqg
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Project 8 - A New Approach to Measuring Neutrino Mass

In uniform magnetic field, a
charged particle will have a
helical trajectory
Accelerating electron will
radiate EM waves at
frequency:
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What is the ordering of neutrinos masses?

Is there CP-violation?

Is the standard picture 3 flavor paradigm
correct?

- Sterile neutrinos?
- Non-standard effects?

CL,  —
atmospheric
~3x107%eV?

solar~5x10eV?

solar~3x10eV?

atmospheric
~3x107%eV?
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Jiangmen Underground Neutrino Observatory (JUNO)

Top muon veto

Outer water tank Scintillator panels
Muon Cherenkov veto x
I? 1— ? : JUNO Steel support structure .
U - : optical separation
2 = S : -
0.8 i ' 17,612 20-inch PMTs JUNO Tao
t ' 25,600 3-inch PMTs
0 6; E E Water buffer
L orrmnmnmmmmmmmmmmmmmsneaes l Acrylic sphere %)
0 4"_ diameter: 35.4m
: Liquid scintillator
0.2 20 kt of LAB
ol it i KamLAND
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17,612 20" PMTs (LPMT) and 25,600 3" PMTs (SPMT)
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Short Baseline Neutrino Oscillation Searches

Short-Baseline Neutrino Program at Fermilab

Target MicroBooNE ICARUS

Booster
Neutrino

Beam
(BNB)

argon mass: 112 t argon mass: 89 t argon mass: 476 t ‘

Beam composition:
Yy (93.6%)
v, (5.9%)
v+, (0.5%)

Mean v, energy:

~0.8 GeV
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Short Baseline Neutrino Oscillation Searches
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The SBN program tests the sterile neutrino hypothesis by covering the
parameter regions allowed by past anomalies at 5o significance.

Complementary measurements in ditferent modes:
important for interpretation in terms of sterile neutrino oscillation.



PROSPECT - Precision Oscillation and Spectrum Experiment

Antineutrino
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BEST Radiochemical Experiment

« 3.4 MCi 51Cr source irradiates nested
volumes of gallium
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Long-Baseline Accelerator Experiments

K2K

KEK to Kamioka e
<all km, & ¥

FNAL to Soudan
734 km, 400+ kW

CNGS
CERN to LNGS
730 km, 400 kW

NOvA

Current Future

e ——— v—

‘ el e T .
- New Neutrino Baamat-Fe'rmugb...

LBNF/DUNE
FNAL to Homestake
1300 km, 1.2 MW (=»2+ MW)

nnnnnnnn

q

FNAL to Ash River
810 km, 400-700 kW

Hyper-K
J-PARC to Kamioka
295 km, 750 kW

(1.3 MW)

~
-
"v‘

Jil
{6 2000 kM1

T2K (II)
J-PARC to Kamioka
295 km, 380-750 kW =>1 MW

2 :
o B0 M/ 628 Km anoss

K. Scholberg
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DUNE and Hyper-K

UNE

4
e

Very long baseline — large matter effect —
unambiguous mass ordering and CPV

Broadband neutrino beam - high statistics over full
oscillation period

Reconstruct E, over broad range — imaging +
calorimetry — LAIrTPC technology

Highly-capable near detector to constrain systematic
uncertainties

Hyper-K

Shorter baseline — small matter effect

Off-axis location & narrowband beam - very, very
high statistics at oscillation maximum, less feed-down

Lower energy and mostly CCQE - very large water
Cherenkov detector

Highly-capable near detector to constrain systematic
uncertainties

C. Marshall
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DUNE and Hyper-K

Neutrinos
1285 km

Normal Ordering

ISCP = -1/2 0.14

0.12

2 3 4 5678

Neutrino Energy (GeV)

neutrino

0.02

L=295km, sin?20,3=0.1

lllllll

|

Momd
p—t

Antineutrinos [] Sep = T2
1285 km

. Ocp =0
[] Ocp = W2

Normal Ordering

2 3 4 5678

Neutrino Energy (GeV)

0.1

0.08

1> 0.06
=

|2 0.04

0.02

anti-neutrino
L=295km, sin?26453=0.1
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THREE GENERATIONS OF WATER CHERENKOV DETECTOR IN KAMIOKA

Kamiokande Super-Kamiokande Hyper-Kamiokande
(1983-1996) (1996 - ongoing) (start operation in 2027)
« Atmospheric and solar * Proton decay: world best-limit ¢ Extended search for proton
neutrino “anomaly” * Neutrino oscillation (atm/solar/  decay
* Supernova 1987A LBL) * Precision measurement of
> All mixing angles and neutrino oscillation including
Birth of . CPV and MO
Irth o ne_utr/no * Neutrino astrophysics
astrophysics _ _ _
Discovery of neutrino Explore new physics
oscillations
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)8 Top of the Detector Cavern
(14th March 2023)




DUNE - Deep Underground Neutrino Experiment
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DUNE and Mass Ordering

DUNE v, and v, spectra can distinguish mass ordering in Phase |
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C. Marshall

6 7
Years
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DUNE and CP Violation

DUNE v, and T, spectra can measure o.p and ,, octant in Phase ||
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C. Marshall



The Quest for CP Violation
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When will CP violation be
established?

A ssypmi ordering at 3a by 203230 Hyner.
begil Nature is very kind:
11 1S

Its, Hyper-K establishes CPV
20 with mass ordering from JUNO (30)

If &,

b or DUNE (50)

with DUNE mass ordering)

ata
hase

at 5o

at 5o

matics,

If Ocp
DU Nature is less kind:

signi

comi DUNE and Hyper-K are competitive,

o) and both may be required

ler-K

If 6.p = 07, then DUNE and Hyper-K will measure o, with a precision of ~6

C. Marshall
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Summary and Outlook

v experiments provide key insight into the nature of neutrinos and physics beyond the SM

normal hierarchy (NH)

m? A

| — | Vs

Beta decay allow
direct neutrino mass
measurements

Aim to reach my <0.04 eV

inverted hierarchy (IH)

A m?

Reactor and accelerator
experiments will determine mass
ordering and probe CP violation.

Karsten Heeger, Yale University

e~ Neutrinoless double beta
(OvBB) powertful probe of lepton
number violation (AL=2).

Would establish lepton number
violation and demonstrate that
neutrinos are Majorana.

n
Ve Uel Ue‘Z UeS 1
vV — U,u 1 U,u 2 U,u 3 V2
V- UTl UT‘Z UTS V3
—/—/
UpMNS
Precision oscillation measurements will test the 3 flavor

paradigm.
Exciting years lie ahead!
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